Human adult spermatogonial stem cells (hSSCs) must balance self-renewal and differentiation. To understand how this is achieved, we profiled DNA methylation and open chromatin (ATAC-seq) in SSEA4 + hSSCs, analyzed bulk and single-cell RNA transcriptomes (RNA-seq) in SSEA4 + hSSCs and differentiating c-KIT + spermatogonia, and performed validation studies via immunofluorescence. First, DNA hypomethylation at embryonic developmental genes supports their epigenetic ''poising'' in hSSCs for future/embryonic expression, while core pluripotency genes (OCT4 and NANOG) were transcriptionally and epigenetically repressed. Interestingly, open chromatin in hSSCs was strikingly enriched in binding sites for pioneer factors (NFYA/B, DMRT1, and hormone receptors). Remarkably, single-cell RNAseq clustering analysis identified four cellular/developmental states during hSSC differentiation, involving major transitions in cell-cycle and transcriptional regulators, splicing and signaling factors, and glucose/mitochondria regulators. Overall, our results outline the dynamic chromatin/transcription landscape operating in hSSCs and identify crucial molecular pathways that accompany the transition from quiescence to proliferation and differentiation.
INTRODUCTION
Human adult spermatogonial stem cells (hSSCs) are the germline stem cells of adult males and display a set of fascinating stem cell properties (Guo et al., 2014b; Kanatsu-Shinohara and Shinohara, 2013; Payne, 2013) . First, they must maintain a germline identity and a paternal-specific pattern of epigenetic imprinting. Second, through communication with their testicular niche, they delicately balance self-renewal with differentiation long-term, to avoid exhaustion and allow lifelong gametogenesis. Third, although they are stem cells, hSSCs are ''unipotent,'' despite stages of amplification and differentiation, their developmental trajectory culminates in the formation of only one cell type-mature sperm.
The mechanism underlying unipotency in mouse SSCs/germline may involve the inhibition of pluripotency, as key pluripotency and developmental genes are packaged into a ''poised'' chromatin that imposes silencing, while also enabling future activation (Erkek et al., 2013; Hammoud et al., 2014; Lesch et al., 2013) . In support, SSCs from mice can efficiently convert to multipotent germline stem cells in culture (and re-express high Oct4 and Nanog), suggesting a facile ''unipotent-to-pluripotent'' transition (Guan et al., 2006; Kanatsu-Shinohara et al., 2004) . However, whether these molecular features are conserved in hSSCs and differentiating spermatogonia is unknown, and of high interest.
Testicular niche cells include Sertoli cells and Leydig cells (Kanatsu-Shinohara et al., 2012; Yoshida et al., 2007) , which provide important growth factors, hormones, and chemokines-which either reinforce the SSC state or enable transition to cells committing to differentiation (termed spermatogonia) and coordinate the additional stages of spermatogenesis. Extensive studies of mouse SSCs and niche cells have provided a wealth of information on the key signaling systems, transcriptional drivers, and diagnostic markers of germline stem cell states (Brinster and Zimmermann, 1994; Kanatsu-Shinohara and Shinohara, 2013) . For example, the transcription factors Id4 and Sall4, and the signaling factors Gfra1 and certain Fgffamily receptors are strongly correlated with SSC status in the mouse. In counter distinction, the cell-surface marker Kit and the transcription factors Sohlh1/2 are associated with differentiating spermatogonia (Chan et al., 2014; Hammoud et al., 2014; Kanatsu-Shinohara and Shinohara, 2013) . Although more limited, related studies in humans have revealed both similarities and differences with mice, prompting more detailed comparative studies (Boitani et al., 2016) . Regardless, studies across mammals suggest a complex differentiation pathway that likely involves heterogeneity at both the SSC and differentiation stages (Hammoud et al., 2015; Hara et al., 2014; Hermann et al., 2015; Kanatsu-Shinohara and Shinohara, 2013; Klein et al., 2010; von Kopylow et al., 2016) . This heterogeneity is not revealed in standard genomics approaches that typically involve analysis of bulk material and cell isolation procedures using a single surface marker but is well addressed through single-cell approaches and analytical methods.
Here, we aim to define the DNA methylation (DNAme), chromatin, and transcription states of adult hSSCs, in order to understand how transcription, signaling, and metabolic states transition during hSSC differentiation. Notably, we find open chromatin enriched at the binding sites for hormone receptors and potential pioneer factors, which may prime hSSCs for hormonal response. Most importantly, our single-cell RNA sequencing (scRNA-seq) analysis reveals the existence of four distinct cellular states during the transition from hSSCs to differentiating c-KIT + spermatogonia, delineating a potential developmental trajectory for hSSCs. Additionally, we used immunofluorescence to directly visualize the protein expression of a subset of the differentially expressed genes identified by scRNA-seq, allowing us to validate key genomics findings in situ. Taken together, we define the dynamic hSSC chromatin/transcriptional landscape in hSSCs and delineate key Guo et al. (2015) ; ICM and FC methylation data are from Guo et al. (2014a) ; egg methylation data are from Okae et al. (2014) ; ESC methylation data are from Gifford et al. (2013) . transcriptional, metabolic, and signaling pathways underlying the transition of hSSCs from quiescence to proliferation and differentiation.
RESULTS
Genomic Profiling of SSEA4 + hSSCs and c-KIT + Spermatogonia Multiple lines of evidence support SSEA4 as a marker of hSSCs, and c-KIT as a marker of spermatogonia committing/committed to differentiation (Izadyar et al., 2011; Valli et al., 2014a) (Figure 1A ). Both SSEA4 + hSSCs and subsequent c-KIT + spermatogonia reside within an intermediate compartment formed between the basal lamina and cell junctions formed by Sertoli cells, which allow migrating spermatocytes to pass to the adluminal compartment ( Figure 1A ). We isolated SSEA4 + hSSCs and c-KIT + spermatogonia from whole adult human testis, from five patients experiencing idiopathic pain, not involving cancer or major inflammation. Following a set of rinsing, dissection, digestion, and filtering steps, we used magnetic activated cell sorting (MACS) to acquire highly enriched populations, which were used for either bulk approaches or additional single-cell isolation. Bulk approaches included profiling DNAme (via wholegenome bisulfite sequencing [WGBS] ), chromatin accessibility (via ATAC sequencing [ATAC-seq]), and transcriptome (via RNA-seq). To refine our understanding of how hSSCs differentiate into spermatogonia, we also performed scRNA-seq in isolated SSEA4 + and c-KIT + cells ( Figure 1B ).
We first evaluated the the purity and identity of the sorted cell fractions by flow cytometry (Figures S1A and S1B) and immunofluorescence ( Figure S1C ), which revealed that SSEA4 enrichment generates cell populations that are >90% SSEA4 + . Furthermore, certain genomics results (previewed here) also strongly support the efficiency of our cell enrichment procedures. First, our DNAme profiling of SSEA4 + hSSCs revealed clear DNA hypomethylation of meiosis-related genes and paternal imprinted sites, and high methylation at maternal imprinted sites ( Figures S1E and S2) . Second, our transcriptome data showed the expected expression patterns of key markers from mouse and human studies: for example, the germ cell marker (DDX4) was expressed in both SSEA4
+ and c-KIT + cells, the self-renewal marker (FGFR3) was upregulated in SSEA4 + hSSCs, differentiating markers (KIT and SYCP3) were upregulated in c-KIT + spermatogonia, and known markers of Sertoli cells (GATA4) and Leydig cells (LHCGR) were extremely low or absent ( Figure 1C ). Taken together, our genomic data (with additional examples below) confirmed high enrichment and sorting efficiency of germline stem cells.
DNAme Profiling of SSEA4 + hSSCs We began by examining DNAme of bulk hSSCs, as DNAme patterning and reprogramming can help guide (or restrict) gene expression and stem cell development (Smith and Meissner, 2013) . Notably, our DNAme datasets (bisulfite conversion efficiency >99%) revealed that hSSC DNAme profiles were nearly identical to those of mature sperm (r = 0.95) (Figures 1D and 1E) at both promoter and putative enhancer sites ( Figure S1D ) as well as imprinted loci ( Figure S2 ), demonstrating that DNAme does not markedly change between adult hSSCs and mature sperm, consistent with results in the mouse (Hammoud et al., 2014) . Therefore, DNAme in c-KIT + spermatogonia was not examined.
ATAC-Seq Reveals Open Chromatin at Binding Sites for Potential Pioneer Factors and Hormone Receptors
Here, to delineate the chromatin landscape and identify potential drivers of the hSSC transcriptome, we analyzed hSSCs by ATAC-seq (two replicates from two patients, r > 0.8; Figure S3A ) and compared to embryonic stem cells (ESCs). After peak calling to define open regions, we performed clustering analysis, which revealed peaks shared between hSSCs and ESCs (clusters 1 and 2), ESC-specific peaks (cluster 3), and hSSC-specific peaks (cluster 4) ( Figure 2A ). Properties of shared peaks include enrichment around promoter sites ( Figures S3B and S3C ). Next, we applied motif discovery analyses to characterize binding motifs specifically enriched in open chromatin (ATAC-seq sites) of SSEA4 + hSSCs (Figure 2A ). Interestingly, this analysis reveals binding sites for multiple factors in the unfiltered top 12 list that included CTCFL/BORIS, DMRT1, NFYA/B (pioneer factors implicated in early embryo chromatin landscape formation) (Lu et al., 2016) , the hormone receptor element (HRE, recognized by PGR (progesterone receptor), GR (glucocorticoid receptor; NR3C1), and AR (androgen receptor)), as well as FOX factors and SOXfamily factors (Figure 2A ). Furthermore, we often found NFY and DMRT1 binding sites in very close proximity and observed a detectable bias for these sites to be near HRE elements ( Figure 2B ). Interestingly, we observed upregulation of genes located within 10 kb from DMRT1, NFYA/B or HRE binding sites ( Figure 2C) , with accompanying DNA hypomethylation tightly centered around DMRT1 and NFYA/B binding sites ( Figure S3F ). This finding raises the possibility that the hSSC chromatin and transcriptional landscapes are markedly influenced by hormone receptors and the pioneer factors NFYA/B and DMRT1, leading to upregulation of adjacent genes.
Methylation and Chromatin Status of Repeat Elements in hSSCs
Regulation of repeat elements is a major feature of germline gene regulation (Tang et al., 2016) . As expected, DNAme revealed that all major classes of repeat elements in hSSCs (e.g., LINE, SINE, and LTR) were highly methylated, at levels similar to those observed in somatic cells. However, unlike the situation in ESCs and somatic cells, satellite elements were hypomethylated in hSSCs and sperm ( Figure S4A ), especially ACRO1 satellites ( Figure S4B ). ACRO1 expression was low in male and female germ cells and somatic cells but increased significantly in the early embryo ( Figure S4C ). As transcription of satellites in mouse early embryos is linked to chromocenter formation and paternal genome reprogramming (Probst et al., 2010) , their DNA hypomethylation in the human male germline may help poise them for expression, to facilitate proper paternal genome re-organization in the early human embryos.
Since primordial germ cells (PGCs) undergo global DNA demethylation and activation of transposable elements (Gkountela et al., 2015; Guo et al., 2015; Tang et al., 2015) , we examined DNAme and chromatin opening (ATAC-seq) at transposable elements, and their correlation with transcription in hSSCs. First, LTR elements in aggregate show moderate chromatin opening in hSSCs but not ESCs ( Figure S4D ). However, parsing the data reveals chromatin opening within three specific LTR sub-families: LTR12C, LTR12D, and LTR12E, which were associated with strong ATAC-seq signals and DNA hypomethylation in hSSCs ( Figures S4E-S4G) . Notably, all three LTRs were upregulated in hSSCs and oocytes but downregulated during early embryonic development and in somatic cells ( Figure 4H ). Moreover, motif finding analysis revealed the NFYA/B binding motif highly enriched in the three LTRs ( Figures S4I-S4K ). Thus, our data suggest a role for LTR12C, LTR12D, and LTR12E in the human germline, possibly via their regulation by NFYA/B.
Poised Pluripotency and Meiotic Potential in hSSCs
To better define the unique molecular nature of hSSC states and determine the differences that may exist between germline and ESCs, we compared the RNA-seq profiling of bulk SSEA4 + hSSCs and c-KIT + spermatogonia to each other, and to ESCs and PGCs (Gkountela et al., 2015) . Principal component analysis (PCA) revealed that SSEA4 + hSSCs and c-KIT + spermatogonia clustered near one another but were distant from both PGCs and ESCs ( Figure 3A ). For example, meiosis-and pluripotencyrelated genes clearly distinguish hSSCs and c-KIT + cells from
ESCs and PGCs ( Figures S5C and S5D ). While meiosis-related genes were repressed in early and late PGCs, they were gradually upregulated in hSSCs and spermatogonia. By contrast, the expression of core pluripotency genes (OCT4, NANOG, SOX2) was found to be low or undetectable in hSSCs and spermatogonia, although other pluripotency-related factors were expressed ( Figure 3B ) ( potential. Furthermore, we found DMRT1, a key differentiation factor known to antagonize pluripotency in the mouse, expressed at markedly higher levels in hSSCs/spermatogonia than ESCs (Takashima et al., 2013) ( Figure 3B ). To better understand the chromatin-transcription relationships for key spermatogenesis genes, we examined their chromatin and DNAme status in details ( Figure 3C ). Notably, we found that POU5F1/OCT4 and NANOG promoters were fully methylated and showed no ATAC-seq signals, which likely explain their repressed status; however, the SOX2 promoter was hypomethylated and exhibited ATAC-seq peaks, suggesting that other inhibitory mechanisms are involved in SOX2 regulation. Furthermore, we found DNA hypomethylation at the promoters of the other pluripotency factors KLF4, SALL4, TCF3, MBD3, STAT3, and KLF2, along with ATAC-seq peaks, consistent with their activation in hSSCs. As a control, the promoters of germline-expressed genes (e.g., DDX4 and DAZL) displayed open chromatin and DNA hypomethylation in hSSCs, while closed chromatin with full methylation was observed in ESCs, a finding consistent with the germ cell epigenetic/transcription status of hSSCs. detected at low levels ( Figure 1C ), raising the possibility that doubly positive cells might have been isolated during our enrichment/sorting procedure. We reasoned that these cells may represent transitioning cellular states of high interest, and that they could be properly profiled in singlecell formats. From a total of 175 singlecell datasets, 92 single cells (60 SSEA4 + and 32 c-KIT + ) passed stringent filtering criteria. Consistent with our bulk RNA-seq results, all 92 expressed germline-specific genes and lacked somatic cell markers (Table S1). As expected, we observed markers associated with self-renewing hSSCs or differentiating spermatogonia preferentially expressed in SSEA4 + or c-KIT + cells, respectively ( Figure S5E ). We first analyzed the data with t-distributed stochastic neighbor embedding (t-SNE). t-SNE analysis on filtered and normalized single-cell transcriptome data efficiently separated SSEA4 + hSSCs and c-KIT + spermatogonia, with hSSCs on the top right and spermatogonia on bottom left ( Figure 4A ). We then projected gene expression patterns onto the t-SNE distribution. Here, we chose GFRA1, BCL6, FGFR3, ID4, SALL4, and ETV5 as hSSC markers, and KIT, SOHLH2, SYCE3, SSX3, SYCP3, and NR6A1 as spermatogonia markers, based on work in the mouse and results from our bulk datasets. We noticed a clear trend of higher hSSC marker expression in SSEA4-enriched cells and a clear trend of higher differentiating marker expression in c-KIT + cells ( Figure 4B ). However, t-SNE also revealed exceptions to these trends, suggesting cellular heterogeneity-prompting additional approaches to exploit these discrepancies in order to identify developmental transitions.
Single-Cell Transcriptome Profiling
To further distinguish SSEA4 + and c-KIT + populations, and to discover potential intermediate/transitional states, we used Monocle We then examined how key markers were expressed along pseudotime, by providing plots of individual genes in every cell ( Figure 4D ). Notably, candidate hSSC markers (GFRA1, BCL6, FGFR3, ID4, SALL4, and ETV5) were highly expressed only at early pseudotime ( Figure 4D , left), whereas candidate differentiating markers (KIT, SOHLH2, SYCE3, SSX3, SYCP3, and NR6A1) were more highly expressed at late pseudotime (Figure 4D, right) . The consistent alignment of these human genes/ markers in Monocle pseudotime to hSSC/spermatogonia development in the mouse strongly suggests that pseudotime reflects biological development.
Signaling and Transcription Pathways along hSSC Development
We next investigated in more detail the changes in RNAs encoding signaling factors during spermatogonial transitions, to provide insights into hSSC development and niche-hSSC interaction. Interestingly, WNT, BMP, FGF, LIF, PDGF, GDNF, INTEGRIN/TSPAN, and NOTCH1/HES1 pathway members are more highly expressed in hSSCs compared to c-KIT + spermatogonia ( Figure 5A ). Notably, ligands for the FGF, GDNF, and LIF signaling pathways are important components of the mouse SSC in vitro culture cocktail (Kanatsu-Shinohara et al., 2003) ( Figure 5B ). Presently, the roles of WNT, BMP, PDGF, NOTCH and INTEGRIN/TSPAN signaling pathways in SSC culturing are unclear, motivating additional study (see Discussion). Transcription factors and their chromatin-modifying partners are common targets of signaling pathways and likely mediate the transcriptional changes during hSSC development instructed by germline-niche interactions ( Figures 5A and S6) Figure 4C , however, showed an intermediate behavior that was highly coherent; all exhibited reversal of cluster A and D expression signatures, but only approximately half of the cells showed reversal of cluster B and C status. To examine these intermediate cells more carefully, we applied hierarchical clustering, which effectively separated these cells into two distinct states, which we termed state 2 and state 3 ( Figure 6B represent an initial shift toward state 4 status. Remarkably, projection of our state assignments based on this clustering criteria onto the Monocle pseudotime map ( Figure 4C , outset below) showed that one of the middle branches is populated almost exclusively by state 2 cells, while the other corresponds to all the cells in state 3.
Thus, by combining Monocle with k-means and hierarchical clustering analysis, we identified four distinct gene clusters, and their differential expression patterns along pseudotime allowed our identification of four distinct cellular states. Further examination of the enriched pathways and genes, along with knowledge of gene/pathway regulation in other stem cell systems, reinforced the order suggested by pseudotime, and prompted us to propose the following dynamic model for hSSC-spermatogonia development ( Figures 6C and 6D ): self-renewing hSSCs (state 1) are relatively quiescent (with high TXNIP inhibiting glucose transport), and have high levels of stem celltype transcription and signaling factors. They transition into state 2 cells by upregulating cell-cycle and DNA replication/repair factors, while downregulating key stem cell transcription factors and TXNIP, allowing glucose import to take place. Transition to state 3 involves the attenuation of stem cell signaling, the upregulation of RNA splicing, and major upregulation of several key mitochondrial activities (that utilize glucose), supporting the production of ATP and lipids required for growth and differentiation. Transition to state 4 involves further reinforcement of this trajectory, via upregulation of transcription factors and signaling pathways that promote spermatogonial differentiation ( Figures  6C and 6D) . Taken together, a combination of Monocle, clustering, and the examination of impacted genes/pathways reveals an initial logic and dynamic trajectory for hSSC differentiation.
Validation of scRNA-Seq Data by Immunostaining of Human Seminiferous Tubules
To further validate the scRNA-seq data and the clustering analysis, we performed triple immunofluorescence (IF) on human testicular sections. To select candidate antigens for validation, we used the online resource of the Human Protein Atlas (http:// www.proteinatlas.org/) (Lindskog, 2016; Uhlé n et al., 2015) and visualized the protein expression patterns of the 2,685 differentially expressed genes (including 373 genes in cluster A; 1,174 in cluster B; 448 in cluster C and 690 in cluster D) identified by our scRNA-seq clustering analysis. This approach identified 250 antigens (42 for cluster A; 98 for cluster B; 51 for cluster C and 62 for cluster D) that were convincingly expressed in cells located along the periphery of the seminiferous tubules. Among these, 11 antibodies (two to three from each cluster), which displayed the best staining quality were selected to perform triple IF stainings in order to determine their pattern of expression in relation to SSEA4 + and c-KIT + expressing cells in situ (Figure 7) . Given that SSEA4 is a glycolipid carbohydrate epitope for which the available antibody is poorly suited for immunohistochemistry studies (Izadyar et al., 2011), we used antibodies raised to FGFR3, a gene identified by scRNA-seq as a member of cluster A, as a surrogate biomarker to SSEA4. FGFR3 is a well-established human spermatogonial marker (Goriely et al., 2009; Maher et al., 2016) , whose expression is restricted to a subpopulation of non-proliferating, non-differentiating hSSCs, typically organized in small clusters of two to four cells, that are all SSEA4 + ( Figure S7A ).
Triple IF with FGFR3, c-KIT and one of the 11 cluster-specific antibodies confirmed that FGFR3 protein expression, like that of SSEA4 ( Figure S7A 
DISCUSSION
Human adult SSCs occupy a critical node in reproductive biology; they need to constantly self-renew to ensure decades of fertility, in balance with commitment to differentiation into spermatogonia, which proliferate and undergo sequential differentiation steps that culminate in the formation of haploid sperm. Although much is known about spermatogonia, their niche, and the germline differentiation process in mice, considerably less is known in humans. By profiling DNAme, chromatin, and transcription in hSSCs, we defined candidate factors and molecular mechanisms underlying the hSSC state-and, through comparisons to c-KIT + spermatogonia, we identified cellular transitions marked by expression changes in transcription factors, signaling, and metabolism that accompany hSSC development, which may also critically inform in vitro culturing. Prior work in mouse PGCs and SSCs suggests that germline stem cells poise pluripotency factors in a silent but poised state by specific DNAme and chromatin packaging-presumably to enable activation after fertilization (Hammoud et al., 2014) . Here, we extend this concept to humans and find NANOG and POU5F1/OCT4, two of three core pluripotent factors, transcriptionally silent and epigenetically repressed. However, all other pluripotent factors were transcriptionally and epigenetically active. Notably, although SOX2 is transcriptionally silent, its promoter has open chromatin and is DNA hypomethylated, consistent with its bivalent status in the mouse (Hammoud et al., 2014) , prompting future work on bivalency in hSSCs. One attractive candidate for guiding SOX2 repression is DMRT1, which antagonizes pluripotency in the mouse (Krentz et al., 2009; Takashima et al., 2013) . In humans, DMRT1 mutation is associated with teratoma (Kanetsky et al., 2011; Turnbull et al., Figure 4C ). Gene expression levels utilize a Z score, which depicts variance from the mean. (B) Hierarchical clustering of state 2 and state 3 cells from Figure 6A . Note: columns (cells) were re-ordered using hierarchical clustering, while genes (rows) were kept in the same order as Figure 6A . These state assignments were then used to refine the identity and trajectory of the minor branches highlighted on the Monocle plot in Figure 4C .
(legend continued on next page) 2010), which is linked to aberrant pluripotency pathway expression in the male germline. We found DMRT1 expression negatively correlated with SOX2 expression in ESCs, PGCs, and hSSCs, and a DMRT1 binding motif highly enriched in hSSCspecific ATAC-seq peaks, prompting additional future work. Moreover, our ATAC-seq and transcriptional profiles strongly suggest major roles for CTCF/CTCFL, FOX-family factors, the additional pioneer factor NFYA/B and hormone receptors in gene activation in hSSCs. Notably, NFYA/B sites are often located near DMRT1 binding sites (indicating possible co-regulation), and the NFYA/B binding motif is strongly enriched in expressed retrotransposons LTR12C, LTR12D, and LTR12E, which may be utilized to open chromatin for other factors. Finally, the remarkable enrichment of HRE sites in open chromatin, coupled with the high levels of RNA encoding GR (data not shown), prompts future studies of glucocorticoid regulation of hSSC function. Our datasets from MACS-enriched bulk and single-cell populations identified RNAs enriched in SSEA4 + or c-KIT + cells.
SSEA4-enriched genes included the prominent SSC markers in mice (e.g., ID4, FGFR3, SALL4, ETV5), as well as many new candidate hSSC markers, including TCF7, PIWIL2, BMPR1A/B, L1TD1, and TXNIP. Likewise, we identify a large set of factors, both predicted and novel, more highly expressed in c-KIT + cells, including replication factors (DNMT1 and UHRF1), meiotic factors (SMC1B, MND1), and basic transcription factors (transcription binding protein [TBP] ) ( Figures 5A and S6 ). Although changes in RNA expression do not always lead to protein dynamics, the co-immunostaining results has allowed us to confirm, via direct visualization, that changes in gene expression uncovered at the single-cell level often translate into discrete protein expression within specific sub-populations of cells located at the periphery of the seminiferous tubules. Although we analyzed only 11 antigens, they exhibited distinct expression patterns, underscoring the considerable phenotypic heterogeneity that exists within the FGFR3 sub-populations, or instead, may reveal cells with similar gene expression states with alternative post-transcriptional/proteomic sub-states. Importantly, the data generated by the scRNAseq clustering analysis provide a unique opportunity to identify novel diagnostic biomarkers that can be used to further stratify discrete immuno-phenotypes and developmental sub-states. Furthermore, our studies may be useful in identifying a subpopulation within the SSEA4 + population that possesses more ''stem-like'' properties, which could be tested in future functional assays.
Understanding germ cell developmental/metabolic states and how they might be determined by signaling from the niche is likely an important prerequisite for successful culturing of hSSCs. Whereas mouse SSCs can be cultured long term, hSSCs quickly lose germ cell identity in culture-thus preventing their use in therapeutic applications (Medrano et al., 2016; Zheng et al., 2014) -for example, to restore fertility to prepubertal cancer survivors after chemo-or radiation therapy (Valli et al., 2014b) . Here, we reveal differences in the transcription levels of components of particular signaling pathways in self-renewing SSEA4
+ hSSCs compared to differentiating c-KIT + spermatogonia that may inform culturing, but note that pathway flux/ activity was not directly measured. Among them, LIF, FGF, and GDNF/GFRA1 pathways are already of known importance for culturing mouse SSCs (Kanatsu-Shinohara et al., 2003) . More importantly, our work has revealed multiple additional pathways not previously explored in SSC culturing, including NOTCH, PDGF, BMP, and TSPAN/INTEGRIN pathways. For example, the HES1 repressor is important for neuronal stem cell maintenance, with precocious differentiation in its absence (Kabos et al., 2002) . Thus, hSSCs may rely on an active NOTCH pathway for self renewal. Furthermore, we observe that WNT signaling is transcriptionally regulated differently in SSEA4 + hSSCs versus c-KIT + cells. Although the role of WNT signaling in hSSCs remains to be established, activation of the WNT pathway promotes the differentiation of mouse SSCs (Takase and Nusse, 2016) .
Remarkably, we found that by combining Monocle and clustering analyses (k-means and hierarchical) to the singlecell datasets, four distinct cellular states emerged. This partitioning, and the remarkable degree to which the gene clusters ''flip'' expression profiles to define subsequent states, strongly suggests the presence of feedback loops: positive feedback loops within clusters, and negative feedback loops between clusters, which we suggest may provide coherence to the developmental transitions and allow robustness during development. Moreover, the grouping of the genes within each cluster, along with pathway analyses and knowledge from other stem cell systems (e.g., hematopoietic and neuronal stem cells), has allowed us to propose a dynamic model for human spermatogonial development (Ito and Suda, 2014) . Intuitively, self-renewing hSSCs (state 1) should be relatively quiescent (with high TXNIP levels inhibiting glucose transport) and should be enriched in stem cell-type transcription and signaling factors. Transition to state 2 involves upregulating cell-cycle and DNA replication/repair factors and downregulating stem cell-type transcription factors-with strong TXNIP repression enabling efficient glucose import, possibly to fuel the subsequent state. Transition to state 3 involves the downregulation of stem cell signaling factors and the strong upregulation of RNA splicing/processing factors and central mitochondrial activities (e.g., ATP synthase and NADH dehydrogenase, and also monocarboxylate transport [via BSG] ) that facilitates ATP and lipid production. Transition to state 4 reinforces this trajectory, leading to the upregulation of key transcription factors and signaling pathways that promote spermatogonial differentiation (Figures 6C and 6D) . Thus, our study identifies four cellular states and revealed a logical developmental trajectory that accounts for the transition of hSSCs from quiescence to proliferation and differentiation. We hope this model will provide a general framework to generate hypothesis-driven experiments to further assess the development of this important and unique stem cell population.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
for 5 min. The process was repeated in 5 min increments for up to 15 min total. The digestion was stopped by adding 10% fetal bovine serum (FBS; GIBCO cat# 10082147) and the cells were size-filtered through 70 mm (Fisher Scientific cat# 08-771-2) and 40 mm strainers (Fisher Scientific cat# 08-771-1). The cells were pelleted by centrifugation at 600 g for 15 min.
Human Spermatogonia Isolation using MACS SSEA4+ or c-KIT+ cells were enriched using magnetic activated cell sorting (MACS) protocols (Miltenyi Biotec). For SSEA4 enrichment, single testicular cell suspensions were incubated with anti-SSEA4 microbeads (Miltenyi Biotec cat# 130-097-855) at 4 C. For KIT+ cells selection, single testicular cell suspensions were incubated with anti-cKIT microbeas (Miltenyi Biotec cat# 130-098-571) at 4 C. Following microbead binding, cells were re-suspended in autoMACS running buffer (Miltenyi Biotec cat# 130-091-221) and ran through LS columns (Miltenyi Biotec cat# 130-042-401) placed in a magnetic field. Columns were rinsed three times with buffer in autoMACS running buffer (Miltenyi Biotec cat# 130-091-221) before being removed from the magnetic field. MACS running/separation buffer (Miltenyi Biotec cat# 130-091-221) was then applied to the column before magnetically-labeled cells were flushed out by firmly pushing the plunger into the column. Cells were then centrifuged and resuspended to a desired concentration. Starting with half a testicle, after dissociation and filtering with strainers, a total number of 26 million testicular cells were recovered. SSEA4 MACS sorting, yielded 0.26 million cells; while KIT MACS sorting yielded 0.2 million cells.
FACS Analysis
Cells were analyzed by flow cytometry using Fortessa Analyzer. After incubation with anti-SSEA4 microbeads (Miltenyi Biotec cat# 130-097-855), cells were stained using labeling check reagent-FITC (Miltenyi Biotec cat# 130-099-136) and DAPI (Life Technologies cat# P36931) following manufacturer's instructions. Unstained cells were used as control. FACS data were analyzed using FlowJo software (Ashland).
Immunocytochemistry on Sorted Cells
Immunofluorescence analysis of sorted cells was performed as described below. Briefly, cells were prepared by adhesion to poly-D-lysine coated coverslips (BD Biosciences cat# 354086). Coverslips were washed in 1 3 PBS and fixed in 4% paraformaldehyde /1 x PBS for 10 min at room temperature (Electron Microscopy Sciences Hatfield, PA USA, 15710). Following a 1 x PBS wash, the cells were permeabilized with 1 x PBS + 0.1% Triton X-100 at room temperature for 10 min, rinsed in 1 x PBS and blocked in 3% BSA /1 3 PBS for 1 hr. Goat anti-GFRA1 (1:400; R&D Systems AF560) primary antibody was diluted into 3% BSA/1 x PBS and incubated overnight at 4 C with no rocking in a hybridization chamber. Coverslips were then washed 3 times with 1 3 PBS for 15 min before incubation of the secondary antibody (Donkey-anti Goat Alexa 594 (Thermo Fisher Scientific cat# A-11058)) for 1 hr at room temperature. Finally, cells were washed 3 times in 1 x PBS for 15 min and mounted onto glass slides with ProLongÒ Gold Antifade mounting reagent containing DAPI (Life Technologies, cat# P36931). Cells were imaged on Nikon A1 Ti-E inverted microscope equipped with Four Photo Multipliers Tube (PMT) detector unit. Images were taken utilizing 405nM (for DAPI detection) and 561nm Sapphire diode laser (for RFP detection) under a 60x oil immersion objective. Z sections were acquired for a plane of cells at 0.5 mm steps.
Single Cell Transcriptome Sequencing Isolated SSEA4+ or c-KIT+ cells were diluted to 15,000-20,000 cells/ml in cold PBS and loaded into 5-10 mm integrated fluidic circuits (IFCs) using Fluidigm C1 instrument. Single cells captured in IFCs were scored under microscope. Only cells with normal morphology were selected for sequencing. Single cells in IFCs were lysed and total RNA was harvested for polyadenylation selection, reverse transcription and PCR amplification. Library constructions were performed following guidelines of the Fluidigm Library preparation with Nextera XT protocol and sequenced on a 50-cycle single end run on an Illumina HiSeq 2500 instrument.
RNA Extraction and Bulk Transcriptome Sequencing
RNA was extracted from pooled SSEA4+ or KIT+ cells using AllPrep RNA/DNA/Protein Mini Kit (QIAGEN cat# 80004). Total RNA was then subjected to RiboZero Gold (Illumina cat# MRZG126) to substantially deplete cytoplasmic and mitochondrial rRNA. Standard RNA sequencing libraries were prepared as described using the Illumina TruSeq Stranded Total RNA Kit with Ribo-Zero Gold and sequenced on a 50-cycle single end run on an Illumina HiSeq 2500 instrument.
Genomic DNA Extraction and Whole Genome Bisulfite Sequencing Genomic DNA was extracted from pooled SSEA4+ cells using AllPrep RNA/DNA/Protein Mini Kit (QIAGEN cat# 80004). Library construction was performed using the EpiGnome Methyl-Seq Kit (Epicenter EGMsK89312) as described below. Briefly, genomic DNA (50-100 ng) was denatured and bisulfite converted using the EZ DNA Methylation-Gold Kit (Zymo Research cat# D5005) in a reaction containing 0.5 ng of unmethylated lambda DNA (Promega cat# D1521) as a control. Following purification, the bisulfite converted DNA was hybridized with oligonucleotides consisting of random hexamers linked to Illumina P5 adaptor sequence and strand replication was accomplished using EpiGnome polymerase. Double-stranded DNA was heat-denatured to enable ligation of the EpiGnome Terminal Tagging Oligo which adds Illumina P7 adaptor sequence to the 3 0 end of the replicated strand. Adaptor-ligated DNA molecules were enriched by 10 cycles of PCR and the amplified library was subsequently purified using represented a single cell sample and each row represented a gene. Based on Monocle analysis, single cells (columns) were aligned in the order of pseudo development, and genes that were discovered to be differentially expressed by Monocle (rows) were clustered using k-means clustering using Cluster 3.0.
DATA AND SOFTWARE AVAILABILITY
The accession number for the whole-genome bisulfite sequencing, ATAC-seq, bulk and single-cell RNA-seq data reported in this paper is GEO: GSE92280.
